In this work, a simple microfluidic junction with a T-geometry and coarse (200 µm diameter) capillaries was used to generate monodisperse microbubbles with an alginate polymer shell.
Introduction
There is a significant demand for highly ordered biocompatible and biodegradable porous structures for drug delivery and tissue engineering applications (1) . Porous scaffolds, in particular, have received much attention as a result of their usefulness in various applications, including the immobilization of biomolecules and cells (2) . Polymeric scaffolds and films have unique advantages for certain drug delivery systems, such as liquid and semisolid drug delivery products, because they provide a larger surface area of application, added to the ability to be designed to adhere to certain types of biological tissues (3) . Additionally, controlling the porosity is of great importance in the area of tissue engineering, because larger pores are capable of allowing cells to be seeded within the scaffold, while smaller pores can inhibit this process and inhibit cell infiltration (4) . Porous structures with a larger pore size distribution and different pore shapes make it difficult to conduct systematic investigations for cellular activities and interactions, including cell signaling (5) . Scaffolds with more spherical pores have better mechanical properties and resist compressive stresses compared to scaffolds with irregular pores (6) .
Various methods have been developed to prepare porous structures, including freeze-drying, electrospraying, particle leaching, and bioprinting (7) . However, the resulting scaffolds contained a wide pore size distribution. The ability to incorporate biomolecules (such as enzymes) into the porous films produced by multi-step methods, such as breath figure (8) , can be greatly limited, since organic solvents (such as dichloromethane and carbon disulfide) are involved in the preparation process (9) , which often damage the biomolecules. On the other hand, the more simplified (one-step) methods, such as the conventional casting of films (3) produce porous films with non-controlled pore sizes (10) . As a result, we believe that there is a pressing need for developing new methods for the preparation of porous structures with controlled porosity, without involving harsh conditions, such as the involvement of organic solvents, heat treatments, etc. This would expand their biomedical applications, especially when sensitive biomolecules are involved. Furthermore, this would increase the utilization of a wide category of polymers, i.e., natural polymers, which lose their internal structure as a result of harsh processing. Natural polymers are characterized by a highly organized chemical structure, which, if preserved, can add additional desirable features to their therapeutic use (11) . In this regard, microbubbles are regarded as a powerful tool for the preparation of polymeric devices for various biomedical uses, such as drug delivery systems (3) and tissue engineering scaffolds (12) . Monodisperse microbubbles are obtained using a one-step microfluidic-based method, in contrast to other conventional preparation methods, such as sonication (13) . The microbubble formation process using a T-junction occurs in three stages: the growth stage, the necking stage, and finally the pinch off stage (14) . The gas and liquid phases meet at the junction, and a column of gas starts to form and expand until the bubble finally separates.
Despite the novelty of the microbubbling technique, polymer tissue engineering scaffolds prepared in this way have some limitations. Ekemen et al. (15) produced silk fibroin polymer films using elecrohydrodynamic bubbling that were characterized by undefined/folded pore shape and large size distribution. In this regard, Zmora et al. (6) found that scaffolds with spherical pores are capable of resisting compressive stresses, compared to those with elongated pores. They also discovered that the architecture of the pore significantly affects the morphology of the seeded cells (hepatocytes). To the best of our knowledge, few studies engaged the utilization of the process of bubble bursting in controlling the shape of the pores, and this is mainly due to the challenges involved in understanding the process of bubble bursting (16) . Our previous studies investigated the different factors that influence the process of bubble bursting, such as the bubble size and bubbling solution properties, and lead to the utilization of the process to obtain hydrophilic alginate nanoparticles (17) . Thus, the present research aims to use microbubbles, prepared using a gas pressure-driven T-junction, to produce uniform porous structures in a controlled manner, with uniform pore size and shape, through using the process of bubble bursting. The produced structures can be used for drug delivery and other tissue engineering applications. Additionally, such a technique can offer a way to produce multifunctional porous structures with surface-embedded nanoparticles by controlling the formation of nano-droplets and inducing the efficient bursting of bubbles using a one-step processing method. We believe that this feature is highly useful in applications that require particular surface properties, which have been found to noticeably change the surrounding cellular behavior (18) .
Polymeric solutions are used to prepare the microbubbles, a combination of a biocompatible polymer (alginate), phospholipids (L-α-phosphatidylcholine), and a surfactant polyethylene glycol-40-stearate (PEG-40S). Alginate is a biocompatible polymer known to enhance the bioavailability of drugs (19) , and, when cross-linked with certain cations (such as aluminum, copper, and zinc), can possess antimicrobial properties (20) . Alginate systems are capable of immobilizing a large volume of therapeutic agents easily diffused to the surrounding medium (21) . PEG-40S is also a biocompatible and non-ionic surfactant widely used in pharmaceutical products (22) . It can also be used as an emulsifier, solubilizer, surface-modifying element, and in the preparation of lipid-coated microbubbles (23). This novel system has the potential to be used either as scaffolds and implant coatings, or in drug delivery applications that require a large surface area of administration often provided by polymer films and scaffolds (3).
Materials and Methods

Materials and preparation of polymeric solutions
Polymeric/lipids/surfactant solutions with different concentrations were prepared in the experiments, as shown in table 1. For the solution preparation, sodium alginate powder (Sigma-Aldrich, Poole, U.K.) was initially dissolved in deionized water followed by the addition of the surfactant polyethylene glycol-40-stearate (PEG-40S, Sigma-Aldrich, Poole, U.K., with a density of 1300 kg/m 3 ) under continuous stirring for 1 hour. In the cases where phospholipids were required, a phospholipid (hydrogenated L-α-phosphatidylcholine, Type I-EH, 0.5% w/w, powder) was added to the mixture and was then further stirred for approximately 4 hours.
Characterization of polymeric solutions
A Brookfield DV-11 Ultra programmable rheometer (Brookfield Engineering Laboratory Inc., Middleboro, MA, U.S.A.) was used to measure the viscosity of alginate solutions. The surface tension was measured using a Kruss tensiometer (model-K9, Kruss GmbH, Germany). To ensure the accuracy of the measurements, seven readings were taken. and the average is reported. All of the measurements were conducted at ambient temperature (22 °C).
Preparation of polymeric microbubbles
The set-up used in this work for T-junction microbubbling is illustrated in figure 1. This microfluidic device was fabricated with poly(methyl methacrylate) (PMMA) using CNC machining. The T-junction device has two perpendicular Teflon capillaries (length of each is 50 mm) having the same inner diameter (200 µm). The vertical capillary provides the bubbling gas from a gas cylinder that is connected to a digital manometer to adjust the gas pressure according to the requirements. The other horizontal capillary channels provide the polymeric solution flow, and this is fed and controlled using a 20-ml stainless steel syringe (KD Scientific, Holliston, MA, U.S.A.) connected to a syringe pump (PHD 4400, Harvard).
For microbubble production, the solution is fed at a constant rate using the syringe pump and the gas pressure is increased gradually until it overcomes the surface tension of the solution.
Both the polymeric solution and the gas meet at the intersection zone between the two perpendicular capillaries, microbubbles are then produced at this gas/liquid interface. By adjusting the bubbling pressure and the flow rate of the solution simultaneously, monodispersed microbubbles can be formed. The ability to produce monodispersed microbubbles using a T-junction is exemplified in the Supporting Information (SI) video 1. A constant volume (1 mL) of the solution was used to produce the microbubbles, which were collected on a glass slide at the outlet capillary and observed using optical microscope until the bubbles burst and the resulting structures were obtained. SI video 2 shows the microbubbles on the glass slide after collection. 
Microstructure characterization
For the examination of microbubbles, an optical microscope (Zeiss Axiotech) fitted with a Nikon Eclipse ME 600 camera was used. The porous structures/films produced by controlling the bursting of various microbubbles were examined using a JEOL JSM-6301F field emission scanning electron microscope (FE-SEM, JEOL Ltd., Herts, U.K.). The samples were sputter coated with gold for 2 minutes (Edwards Sputter coater S150B) before the SEM examination, which was at an accelerating voltage of 3-15 kV, a working distance of 1 -20 mm. The size distribution of the microbubbles, the pore sizes of films produced, and the size of submicrometre particles were determined using the UTHSCSA Image Tool software program (Version 3.00). The viscosity and surface tension of the different solutions are known to have an effect upon microbubbling (14, 24) . Increasing the polymer concentration was found to increase the viscosity of the solutions in all cases, as shown in Table 1 . The viscosity of alginate solutions is dependent on the concentration of alginate solution (25) . An ability to control the viscosity of the solution is crucial in this work, because solutions with higher viscosities were found to suppress the bubble bursting process (17) . Furthermore, it has been found that the surface tension of the solutions decreased with an increasing surfactant concentration when the polymer concentration was kept constant. The surface tension of the bubble film (shell) is another critical factor for consideration because bubbles having a higher surface tension are characterized by faster film drainage (26) . This important variable will be discussed in the following section.
Results & Discussion
The Properties of polymeric solutions
T-junction Microbubbling
Our choice of the T-junction method was based on its ability to produce monodisperse microbubbles using two main processing variables: the bubbling pressure and the flow rate. To minimize the effect of the shear forces on the solutions flowing within the capillaries for a
given microbubble size to be produced, we intended to use the lowest possible flow rate (60 to 115 µl/min), relatively shorter microfluidic capillaries (50 mm) and larger capillary diameters (200 µm). Increasing the flow rate, decreasing the capillary diameter, or increasing the length of the microfluidic channels would increase the velocity of the flow and increase the intensity of the sheer forces to which the solution is subjected (27) . This can affect the physiochemical properties of the solutions, especially in the case of viscoelastic sheer thinning solutions, such as alginate solutions (21) . For a specific gas pressure, a maximum flow rate can be used before the solution flow overcomes the gas flow, leading to the inability to produce microbubbles (13) . Furthermore, viscosity of the solutions was measured at the conditions before and after processing, and it was found that processing had almost no effect on the viscosity of the solutions. Therefore, it was assumed that no significant effect on the mechanisms of producing porous films in the current study would occur as a result of the dynamics of the process.
After collection on a flat dry surface (glass slide), the monodispersed microbubbles were found to align themselves in an ordered pattern, in contrast to polydisperse microbubbles. Because of their similar sizes, microbubbles spontaneously assembled in the form of organized ordered lattices, called microfluidic crystals (28) , which, if retained, can help in the formation of the intended regular porous structures, and this will be discussed in section 3.4.
Effect of the surfactant concentration on the porous structures
To investigate the effect of the surfactant on the porous structures, we initially produce microbubbles from a fixed concentration of a hydrophilic alginate polymer and a series of surfactant (PEG-40S) concentrations, starting from a relatively low percentage (0.05 wt%).
Surfactants can control the stability of bubbles before they burst, and the duration of stability can be used as an indication of the bubble shell thickness at the bursting point (29) . The bubble shell often has its minimum thickness at the centre and then this continuous decrease in thickness progresses to a larger area of the shell as the film drainage continues (30) . Therefore, it is expected that accelerating or inhibiting the bubble shell drainage could also affect the bubble diameter at bursting, which would, in turn, control the pore size that bubbles leave behind within the polymeric structure after they burst. It was found that microbubbles having a PEG-40S concentration of 0.05 wt% are unable to produce porous structures, because they lose their arrangement/structure completely after a short period. Despite being initially monodispersed and stable (for the first few minutes), the microbubbles went through rapid drainage, as shown in figure 2 , also exemplified in SI video 3, then completely lost their initial spherical structure and arrangement, leaving behind threads of the polymeric material. The size of monodisperse microbubbles can be controlled by the flow rate of the solution and the bubbling pressure, as demonstrated previously (17) . At a constant flow rate of 220 µl/min, it was found that the average microbubble size increased from approximately 70 to 150 µm, when the bubbling pressure was increased from 95 to 165 kPa. The rapidly shrinking microbubbles started forming branches of small microbubbles, which eventually left threads of polymeric material in similar branched positions. The mobility of the boundaries between microbubbles can be caused by the rapid drainage of the shell of the bubbles when low amounts of surfactants are used (26) , and a similar finding was observed in the alginate system. This is a characteristic of microbubbles when the surfactant concentration was low.
As shown in figure 3, it took around 45 minutes for the largest microbubbles (150 µm) to completely lose their spherical structure, compared to around 25 minutes for the smallest microbubbles (70 µm). This shows that at a low surfactant concentration, the bubble diameter was less dominant in determining the bursting of microbubbles, because microbubbles in figure 2 (a, b, c) did not burst. Table 1 ) microbubbles immediately after production, and after the process of shell thinning and complete drying at times of (d) 25 mins, (e) 30 mins and (f) 45 mins for the three corresponding microbubble groups respectively.
The size of microbubbles was found to be directly proportional to the duration of stability of microbubbles before their eventual bursting. The stability of bubbles is a known function of their radius, which governs the Laplace pressure, but many other factors can affect stability, e.g. the packing in the shell, shell impurities. Our observation agrees with previous studies that in general larger microbubbles have greater stability compared to smaller ones. Filho et al. (31) found that microbubbles with an average diameter of 300 µm were 170% more stable compared to microbubbles with an average diameter of 70 µm.
To overcome the obstacle of microbubbles completely losing their alignment and shape to form the backbone of the intended porous structure, microbubbles from alginate/surfactant solutions with a weight ratio of 2:1 were used. A larger alginate/surfactant ratio was found to suppress the bursting of microbubbles and produce capsule-like structures, as shown in figure 4 ). The pore size was ranging from 2 to 17 µm, smaller in comparison to larger and more regular pores shown in figure 5 . Additionally, increasing the surfactant/polymer concentration can be undesirable when the polymer is expected to form the backbone of the structure, such as in the case of alginate after cross-linking. Therefore, the surfactant concentration in our study was kept as low as possible. 
Effect of the polymer concentration on the porous structures:
The bubble formation and burst were investigated when the alginate concentration was varied from 0.1 to 0.5 wt% and the PEG-40S concentration was varied from 0.05 to 0.25 wt%. The three groups of monodisperse microbubbles were produced with a similar range of as prepared sizes (120 to 140 µm). The microbubbles maintained their alignment and durations of stability to various degrees before the structures shown in figure 5 were formed. Microbubbles from solution with the least amount of alginate and surfactant as well as the lowest viscosity went through the shortest duration of stability of 56 mins, in comparison with 67 and 75 mins, respectively, for the microbubbles made from 0.3 and 0.5 wt% alginate solution. The size and shape of pores were also varied, as shown in figure 5 . As expected, the strut thickness increased with the alginate concentrations increasing from 0.1 to 0.5 wt%. This is reflected in the variation of resulting pore sizes of the films, as shown in figure 6. It is expected that the longer stability provided an extended duration for the bubble shell thinning to occur, because coating the microbubbles with PEG-40S has been found to significantly enhance the stability of bubbles (32) . Increasing the viscosity of the bubble shell is known to extend the thinning process (33) . However, the increase in the duration of the thinning process can lead to, in some cases, a relatively unsymmetrical deposition of the material, and thus a variation in the pore size and a decrease in the average pore size in the films when compared to the initial microbubble size for obtaining the films, as shown in figure   6 . The average pore size of the film produced from 0.1wt% alginate solution was 122 ± 15 µm, while the average pore size was 70 ± 30 µm made from 0.3 wt% alginate solution. Not only it has a higher standard deviation but also a greater shrinkage (around 40%) from the original microbubbles size (~120 µm). In contrast, microbubbles from the highest polymer (0.5wt%) and surfactant concentrations showed the greatest duration of stability, and less noticeable reduction in the pore size obtained, which might be a result of the greater material concentrations within the bubble shell that can induce a more uniform shrinkage and material deposition within the boundaries between microbubbles (plateau borders).
Effect of surfactant on the porous structures:
The surfactant is known to play a dual role in the process of film formation. The first is stabilizing the microbubbles through controlling the diffusion of gas from the bubbles, preventing the coalescence of adjacent microbubbles (34) and losing their initial alignment, to ultimately produce films with nearly uniform structure and pore size. The second is controlling/extending the thinning process of the bubbles (35) that allows the gradual accumulation of the polymeric material between the voids over an extended duration of time, leading to producing films with smooth surfaces. Therefore, there might be a trade-off between extending the microbubble thinning duration and the variation in the features of the films.
Furthermore, microbubbles from higher alginate concentrations produced structures with larger dimensions between pores, which is probably due to the greater amount of the polymeric material within the bubble shell, resulting from the higher polymer and surfactant concentrations used.
It was noted that the porous films assumed a near-polyhedral shape in all cases, especially at the lowest material (polymer and surfactant) concentrations ( figure 5 a and b) . This can be caused by the lower liquid volume fraction within the produced cluster of microbubbles, initiated by the relatively low liquid/gas flow ratios used to obtain the microbubbles, thus reducing shear stresses on the processed solution. Polyhedral porous structures have been previously referred to as 'dry foam' and can be generated by microfluidic methods using relatively lower liquid to gas fractions, in contrast to wet foams, which are formed at a higher liquid to gas fractions and are characterized by a more spherical shape (36) . Producing clusters of microbubbles with lower liquid to gas factions is desirable for porous film production because it minimize the amount of liquid or material that can suppress the bursting, otherwise leading to irregular features in the films.
It was showed that, by adjusting the polymer/surfactant ratio, the ability to control the thinning of microbubbles can be predicted, which could lead to producing porous structures with controlled features. However, when higher polymer concentrations (more than 0.5 wt%) are used for desirable mechanical properties and for tuning the encapsulation efficiency and degradation profile of the resulting products, it can be challenging because increasing the polymer concentration can inhibit bursting (17) , and result in structures lacking the intended defined/large pore shape, as shown in figure 4 . Therefore, phospholipids were added to the polymeric systems as a result of their well-established ability to self-assemble around the inner gaseous gas core of the microbubble, providing a stronger (i.e., more elastic) shell, which makes the bubbles more suitable for the addition to other functional entities (37) , and also allows for the incorporation of higher polymer concentrations.
The hypothesis is that, by achieving a longer stability and extended bubble shell thinning, the effective bursting of the bubble shell will still be promoted, which will eventually produce uniform porous structures. One of the most crucial functioning elements within the bubble shell is the surfactant as a result of its ability to create a barrier for the gas transfer in and out of the bubble shell (38) . The non-uniform distribution of the surfactant within the bubble shell can also result in a difference in the surface tension (surface tension gradient) across the bubble film (39) as a result of Marangoni effect, thus causing slower or accelerated thinning according to the direction of the surface tension gradient across the bubble film (40) . As for the chosen polymeric system (alginate + lipids + PEG-40S solution), PEG-40S has also been known to act as an emulsifier, capable of improving the lipid dispersion and preventing the coalescence of the microbubbles (37) . Preventing the coalescence of bubbles is crucial to limit the production of porous structures with a polydisperse pore size. Therefore, increasing the concentration of It is important to note that microbubbles prepared from the same alginate/surfactant concentrations but with/without lipids (solutions 5 and 6/ Table 1) Table 1 ) at the time points of (a) just after preparation (b) just before bursting, and (c) after bursting. The efficient bursting process from this group of microbubbles resulted in a nano-patterned surface, caused by the nano-droplets produced during the bursting that became embedded in the porous film, as shown in figure 9c. Previous reports (42) showed that as the bubble cap reaches a critical thickness, the shell breaks into fine droplets with a different size range, starting from a sub-micrometre range. This notion is similar to our findings as particles with an average diameter of 315 nm were found embedded within the surface of the porous film, as shown in figure 9 a and b . The ability to control the surface structure of a porous film is very important, as the surface properties have impacts on the cellular functionalities, such as cellular adhesion, proliferation, differentiation etc. (43) .
Our results show that, through controlling the initial size of microbubbles using a microfluidic method, such as a T-junction, and adjusting the solution properties (i.e., concentrations of polymer, surfactant and emulsifier), we are able to produce well-defined porous structures with a nano-patterned surface. The description of this novel preparation method is shown in figure  10 . We have advanced from controlling the bubbles thinning and bursting (44) to establishing a new processing method with the capability to achieve not only a well-defined porous structure but also a regulated strut morphology. To the best of our knowledge, this is the first time such a well-defined porous structure has been produced using a microfluidic processing without additional post processing treatment.
Conclusions:
Highly monodispersed polymeric microbubbles were produced to prepare porous films.
Biocompatible polymeric solutions were used, and film structures with nearly uniform pore size and shape were obtained. The thinning process of the microbubble can be controlled using the aid of surfactants and lipids, leading to the formation of porous structures with spherical shapes, by promoting an efficient bursting process. Additionally, higher polymer concentrations can result in suppressing the bursting process and lead to irregular and sharpedged pores, but this can be overcome by varying the concentration of the emulsifier to lead to the formation of uniform, spherical pore structures. Finally, the porous films produced can be tailored to have a nano-patterned strut surface, by promoting the efficient production of droplets from the bursting of microbubbles. This novel processing and forming will offer a new platform to further tailor the structure and properties of porous polymeric films for further functional applications. 
